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Abstract
Steven Michael Doettl
Vestibular Evoked Myogenic Potentials and Postural Control in
Adults with Age-Related Hearing Loss
It is well-documented that auditory thresholds decrease with age, which can be re-
ferred to as Age-related hearing loss (ARHL). ARHL is one of the most common conditions
affecting older adults and is associated with several conditions including decreased pos-
tural stability and falls. Age-related changes to auditory function have been attributed to,
through histopathological study, specific degradation of the sensory, supporting, and affer-
ent structures of the cochlea. Vestibular function, as measured through vestibular evoked
myogenic potentials (VEMPs) also show decreases with age. VEMPs are a measurement
of evoked potentials generated by auditory stimulation of the utricle and saccule mea-
sured through a reduction in muscle potentials. Similar to ARHL, age-related changes to
the vestibular sensory and supporting structures with specific degeneration of the saccule,
utricle, otoconia, primary vestibular afferents have also been noted. Significant decreases
in postural control with age are also well-documented in literature attributed to multi-
factorial changes in function. Previous studies have found associations between vestibu-
lar dysfunction and hearing loss in specific pathologies. Additional associations between
ARHL and decreased postural control have also been documented. However, only limited
data has been reported evaluating the association of ARHL, decreased vestibular function,
and postural control.
The results of this study indicated significant differences in VEMP findings for indi-
viduals with ARHL compared to an age-matched group with normal hearing. Addition-
ally, significant correlations were noted across groups with decreases in hearing thresholds
associated with decreases in VEMP amplitude and prolongation of VEMP latency. No sig-
nificant differences between the ARHL and normal hearing group were noted for postural
control measures. No significant correlations were noted for hearing thresholds and postu-
ral measures. These results are consistent with previous literature describing concomitant
vestibular dysfunction in ARHL and other types of SNHL. The long-term goal of this line
of this study is to evaluate the use of auditory function as a predictor of increased risk of
falls and a possible criterion for subsequent balance function testing and intervention as
needed as a means to reduce the risk and occurrence of falls in people with ARHL.
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INTRODUCTION
According to the National Institute on Deafness and Other Communication Disorders
(NIDCD), presbycusis or age-related hearing loss (ARHL) is the one of the most common
conditions affecting older adults. Approximately 1 in 3 people in the United States be-
tween 65-and 74-years of age have hearing loss (Age-Related Hearing Loss 2015, NIDCD).
In addition to disruption in communication ability, ARHL has also been associated with
many other conditions such as cognitive decline and depression (Lin, Yaffe, et al., 2013;
Mener et al., 2013). Recently, there has been a suggestion that ARHL may also be asso-
ciated with decreased postural control and an increased risk of falls (Lin and Ferrucci,
2012; Viljanen et al., 2009). The Centers for Disease Control (CDC) reports that falls are
the leading cause of fatal and nonfatal injuries among adults aged 65 years and older
with 27,000 older adults dying because of falls and 2.8 million treated in emergency de-
partments for fall-related injuries with approximately 800,000 resulting in hospitalization
(Bergen, Stevens, and Burns, 2016).
Histopathological studies describe specific changes to the sensory and supporting
structures of the auditory portion of the cochlea with age and associated decreased audi-
tory function (Schuknecht, 1964; Schuknecht and Gacek, 1993; Bai et al., 1997; Lin and
Ferrucci, 2012). Vestibular structures have also been noted to degrade with age with
histopathological studies describing changes to the vestibular sensory and supporting
structures with specific degeneration of the saccule, utricle, otoconia, and primary vestibu-
lar afferents with increasing age (Schuknecht, Icarashi, and Gacek, 1965; Johnsson, 1971).
Vestibular function tests, such as vestibular evoked myogenic potentials (VEMPs) also ex-
hibit significant age-effects (Su et al., 2004; Basta, Todt, and Ernst, 2007; Nguyen, Wel-
gampola, and Carey, 2010; Li et al., 2015). Postural control decreases with age have been
extensively described in the literature and attributed to several different reported mul-
tifactorial changes in the musculoskeletal, neuromuscular, and sensory systems (Horak,
Shupert, and Mirka, 1989; Maki, Holliday, and Fernie, 1990; Hageman, Leibowitz, and
Blanke, 1995; Steffen, Hacker, and Mollinger, 2002; Kear, Guck, and McGaha, 2017).
Currently, there is ample evidence to support histopathologic changes in auditory
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and vestibular structures, changes in auditory and vestibular function, and reduced pos-
tural control with age; however, the relationship between auditory and vestibular degra-
dation with age and reduced postural control, if any exists, has not been fully explored.
Based on the previous studies describing these changes with age and histopathological ev-
idence, it could be postulated that degradation of auditory structures is concomitant with
degradation of vestibular structures. Additionally, while decreased postural control and
increased fall risk with age are likely multifactorial, concomitant vestibular degradation
may be a significant factor in people with ARHL. Previous literature has suggested a re-
lationship between auditory and vestibular function exists for specific pathologies such
as auditory neuropathy/dys-synchrony, sudden idiopathic hearing loss, ototoxicity, and
noise-induced hearing loss through both histopathological and vestibular function studies
(Wang and Young, 2007; Hong et al., 2008; Sazgar et al., 2006; Kumar, Vivarthini, and Bhat,
2010; Tseng and Young, 2012).
1.1 Auditory, Vestibular, and Postural Control Measurement
Techniques
Auditory function is measured clinically through behavioral evaluation using audiome-
try. The American Speech-Hearing-Language Association (ASHA) Guidelines for Manual
Pure-Tone Threshold Audiometry describe the procedure as manual air-conduction mea-
surements at 250, 500, 1000, 2000, 3000, 4000, 6000, and 8000 Hz (125 Hz under some cir-
cumstances) plus bone-conduction measurements at octave intervals from 250 Hz to 4000
Hz and at 3000 Hz as needed (Guidelines for Manual Pure-Tone Threshold Audiometry 2020,
ASHA). An audiometric threshold, or the softest sound a person can respond to at least
50% of the time, is determined at each frequency indicated. Additional analysis of audio-
metric thresholds includes audiometric pure tone averages (PTAs). PTAs consistent of an
average on multiple thresholds at varying frequencies which can provide an assessment of
degree of hearing loss across frequency and is often used to correlate audiometric results
as well or to qualify hearing loss for research purposes and statistical analysis.
Vestibular function is measured by a variety of testing equipment and procedures
including electronystagmography, videonystagmography, and rotary chair testing, audi-
tory brainstem response, electrocochleography, Video Head Impulse Testing, and VEMPs.
VEMP testing has been identified as pertinent specifically when evaluating for concomi-
tant auditory and vestibular dysfunction (Wang and Young, 2007; Hong et al., 2008; Saz-
gar et al., 2006; Kumar, Vivarthini, and Bhat, 2010; Tseng and Young, 2012). VEMP eval-
uations (cervical and ocular) provide an evaluation of saccule and the inferior division
of the vestibular nerve of the VIII cranial nerve and utricle and superior division of the
vestibular nerve of the VIII cranial nerve function using the electrophysiologic evalua-
tion of the vestibulo-spinal and vestibulo-ocular reflexes, respectively (Colebatch and Hal-
magyi, 1992; Colebatch, Halmagyi, and Skuse, 1994; Todd et al., 2007; Curthoys, Vulovic,
and Manzari, 2012). VEMPs are elicited through auditory stimulation using high intensity
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stimuli and measured through surface electrodes and provide a measurement of evoked
potentials originating in the utricle and saccule and are the only available method for as-
sessing the otolithic organs in a quantitative manner. A relationship between auditory
thresholds and VEMP results can be postulated to exist based on theories describing a
bi-modal process with degradation of both the auditory and vestibular structures in the
cochlea related to shared phylogenetic age, anatomical proximity, and/or similar physical
stimulation processes.
Balance function is predicated on integration of sensory input from the visual,
vestibular, and proprioceptive systems and motor control of both reflexive and voluntary
muscle movements. Specific vestibular reflexes are integral in maintaining balance consist-
ing of the vestibulo-ocular reflex (VOR), vestibulo-collic reflex (VCR), and the vestibulo-
spinal reflex (VSR). Postural control can be measured through many different qualita-
tive and quantitative measures. For example, a classic postural control assessment is
the Romberg Test (RT), which evaluates postural control of positioning, requiring healthy
functioning dorsal columns of the spinal cord as well as normal vestibular function. The
RT can been can be used to evaluate for loss of vestibulo-spinal reflex and gross axial mo-
tor control and has been validated for use with normative values and age-related changes
(Thyssen et al., 1982; Røgind et al., 2003). The Functional Reach Test (FRT) is another
measure of postural control that has been identified as a pertinent and efficient measure
of postural control with age-reference normative and cutoff values for intervention noted
(Duncan, Weiner, et al., 1990; Duncan, Studenski, et al., 1992; Mann et al., 1996). The FRT
has also been validated for use in the identification of peripheral vestibular dysfunction
(Mann et al., 1996).
1.2 Histopathological Changes in the Cochlea and Vestibule with
Aging
Age-related hearing loss has been outlined through histopathological study of animal
and human temporal bones by Schuknecht, 1964 to include four distinct subtypes related
to the underlying mechanisms investigated. The subtypes consisted of sensory, neural,
metabolic, and cochlear conductive presbycusis. These categories were then expanded by
Schuknecht and Gacek, 1993 to include mixed and indeterminate types. The classification
of the subtypes, while not significantly useful for the clinical diagnosis and treatment of
presbycusis, do highlight the important underlying pathophysiology of presbycusis. That
is, that there is a variety of degenerative changes to the auditory system that can and will
result in decreased hearing as we age. Ohlemiller, 2004 described this further by revisiting
Schuknecht’s subtypes in light of the current state of the literature regarding presbycu-
sis and postulated that, for most individuals, mixed and/or indeterminate presbycusis is
suspected and is the result of a myriad of factors throughout their life including but not
limited to noise exposure, overall health status, genetic predisposition, and illnesses.
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While the auditory effects of presbycusis have been well-described, the possible
association with vestibular dysfunction has not received as much attention. Schuknecht,
Icarashi, and Gacek, 1965 first described specific degeneration of the saccule in subjects
with known presbycusis. Additionally, Johnsson, 1971 described the degenerative
histopathological changes that occur in the vestibular system with age postulating that
vestibular degeneration may be an integral part of presbycusis. Park et al., 2001 also in-
vestigated age-related changes in vestibular neural ganglion with results suggesting de-
generation of the neural ganglia associated with age.
1.3 Auditory and Vestibular Function Changes with Aging
It is well-documented that auditory function degrades over time as a function of presby-
cusis and many other factors such as overall health status, noise exposure, and specific
otologic and non-otologic pathologies. Previous studies have indicated increasing preva-
lence of hearing loss with an increase in age with upwards of 45
Vestibular function has also been well-documented to decline with age with VEMP
testing as a measure. Previous studies have indicated a significant age effect, especially
at 50-years of age and older with cVEMP testing specifically for P1/N1 amplitude and
N1 latency across the age span of adulthood (Su et al., 2004; Basta, Todt, and Ernst, 2007;
Nguyen, Welgampola, and Carey, 2010; Li et al., 2015). oVEMP testing also has been
shown to exhibit age effects with significant difference noted for N1/P1 amplitude and
N1 latencies also specifically at 50-years of age (Nguyen, Welgampola, and Carey, 2010; Li
et al., 2015). Interestingly, Nguyen, Welgampola, and Carey, 2010 also reported amplitude
results as a continuous variable for age and found no significant associations, suggesting
that age in isolation may not be the overwhelming factor in vestibular degradation over
time. Additional factors such as gender and race have also been suggested as significant
factors; however, only minimal data supports those suppositions at this time (Li et al.,
2015).
1.4 Postural Control Changes with Aging
Reduced postural control has been well-described with aging related to a myriad of under-
lying pathologies and/or degrading systems. Horak, Shupert, and Mirka, 1989 describe
a generalized aging effect associated with neural degeneration, peripheral vestibular loss,
and other components. Additional studies across several age groups indicate both sponta-
neous and induced-sway measures demonstrated significant decreases with age and sig-
nificant difference between groups with decreased measures of postural control (Thyssen
et al., 1982; Maki, Holliday, and Fernie, 1990; Hageman, Leibowitz, and Blanke, 1995).
Specific clinical postural control measures such as the Six-minute Walk Test, Berg Balance
Scale, Timed Up and Go Test, comfortable- and fast-speed walking, and the Functional
Reach Test (FRT) also demonstrated significant decreases in postural stability with age
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with good sensitivity for identifying the phenomenon (Duncan, Weiner, et al., 1990; Dun-
can, Studenski, et al., 1992; Steffen, Hacker, and Mollinger, 2002; Bischoff et al., 2003; Hage-
man, Leibowitz, and Blanke, 1995; Kear, Guck, and McGaha, 2017). Romberg testing (RT)
has also been identified as a sensitive measure of aged-related decreases in postural control
(Thyssen et al., 1982; Røgind et al., 2003). The Functional Reach Test specifically, has been
extensively studied in the literature with results suggesting significant age effects as well
published age-related normative data (Duncan, Weiner, et al., 1990; Duncan, Studenski,
et al., 1992; Hageman, Leibowitz, and Blanke, 1995).
1.5 Concomitant Dysfunction of the Auditory, Vestibular, and/or
Postural Control Systems
Several studies have found associations between hearing loss and vestibular function for
specific pathologies such as noise induced hearing loss and sudden idiopathic sensorineu-
ral hearing loss and for profound sensorineural hearing loss (Hong et al., 2008; Wang and
Young, 2007; Kumar, Vivarthini, and Bhat, 2010; Tseng and Young, 2012; Xu et al., 2016).
However, very few studies have investigated ARHL. Zuniga et al., 2012, evaluated older
adults with ARHL using both cervical and ocular VEMPs. Zuniga and colleagues found
that while cervical VEMP amplitudes correlated with SNHL, they found no significant
relationship to ocular VEMP recorded using tap-evoked stimulation. While it has been
previously suggested that anatomical and physiologic differences make the utricle not as
susceptible, if at all, to the same degenerative affects as the saccule, conflicting data has
been reported.
Previous studies have also suggested a significant association between postural con-
trol and ARHL. Viljanen et al., 2009 indicated that increased hearing loss correlated with a
higher risk for falls and decreased postural control in older twins with no indication of sig-
nificant association with genetic factors. Lin and Ferrucci, 2012 also reported a significant
association between hearing loss and the odds of reported falls with every 10-dB increase
in hearing loss increasing the odds a fall. These two studies suggest a significant rela-
tionship between decreased hearing with age and decreased postural stability, that which
could be postulated as an associative relationship.
1.6 Rationale for This Study
Both auditory and vestibular structures degrade with age. Age is also a factor in both de-
creased hearing and decreased vestibular function. Hearing loss has been associated with
decreased postural control and increased risk of falls in older adults. Previous studies
have found associations between vestibular function and hearing loss in specific patholo-
gies, however there is a paucity of data regarding vestibular function and ARHL. Current
evidence suggests that vestibular function, specifically saccular function, may decrease as
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a function of degradation of hearing, but data is limited. Additional study is needed to fur-
ther evaluate vestibular function and auditory function in ARHL as well the relationship,
if any exists, to reduced postural control.
Specifically, this study is designed to further evaluate auditory function, vestibu-
lar function, postural control in adults with ARHL, using audiometric testing, cVEMPs,
oVEMPs, and postural control measures. The central hypothesis is that adults with ARHL
will exhibit reduced saccule and utricle function as measured by VEMPs and reduced pos-
tural control as measured by postural control measures and the results will be correlated
with the audiometric thresholds. This association is postulated to be due to concomitant
histopathological changes in the auditory and vestibular structures associated with ARHL
and resulting in reduced sensory information for maintaining postural control. The results
of this study will provide specific information about the association between the degree of
ARHL with saccule and utricle function as measured by cVEMPs and oVEMPs and pos-
tural control measures. The long-term goal of this study is to improve the understanding
of the relationship between ARHL and reduced postural control and improve identifica-
tion criteria and management for adults with hearing loss at risk for reduced vestibular
function and postural control and increased falls risk.
The specific research questions for this study are as follows:
1. Is there a significant difference in saccule/utricle function as measured by cVEMP
and oVEMP testing and postural control between older adults with normal hearing
and older adults with ARHL?
2. Is there a significant correlation between audiometric thresholds and saccule/utricle
function as measured by cVEMP and oVEMP and/or postural control as measured
by RT and FRT?
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REVIEW OF LITERATURE
2.1 Histopathological Changes in the Cochlea and Vestibule with
Aging
It has been well-documented that cellular changes occur in the auditory structures of the
cochlea as part of the aging process. These pathological changes in the cochlea from aging
were first described by Crowe, Guild, and Polvogt, 1934 and Saxen, 1937 for which they
evaluated human cadaver temporal bones and attributed age-related hearing loss (presby-
cusis) to degradation of the organ of Corti and/or of the spiral nerve ganglion, specifically
at the basal turn of the cochlea. These changes were further described and expanded by
Schuknecht, 1964 to include four distinct subtypes of presbycusis related to the underlying
pathology; sensory, neural, metabolic, and cochlear conductive. Sensory presbycusis is de-
scribed as atrophy of the organ of Corti and spiral ganglion at the basal turn of the cochlea.
Specifically, a decline of the number and condition of the hair cells and supporting cells of
the cochlea. Additionally, the loss of hair cells progresses to a point that which this degra-
dation continues to also include loss of spiral ganglion cells as well. Neural presbycusis
is described as loss of the neuronal population in the central nervous system as described
across a lifespan. Genetic factors may play a role in neural presbycusis as well as the time
of onset and degree of degradation appear to very greatly across the population. Neural
presbycusis is defined by quantifying the number of first order neurons present. Metabolic
presbycusis describe defects in the physical and chemical processes of the cochlea, specif-
ically the function of stria vascularis, which is responsible at least in part, for endolym-
phatic potentials and oxidative enzyme production through bioelectric and biochemical
reactions, respectively. These metabolic changes result in a reduction of the endocochlear
potential (EP) and thus cochlear function. Mechanical (cochlear conductive) presbycusis
represents a degeneration of the mechanics of the cochlear motion, possibly a narrowing or
stiffening of the basilar membrane over time resulting in reduced stimulation of auditory
hair cells. Further expansion of these pathological changes and descriptions were added
again by Schuknecht and Gacek, 1993 to include mixed and indeterminate types.
Ohlemiller, 2004 revisited Schuknecht’s subtypes considering the current state of
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the literature regarding presbycusis at that time. He concluded that while even with ad-
vancements in our ability to evaluate cell structure that Schuknecht’s descriptions are still
relevant in the investigation of related pathophysiology of age-related hearing loss. These
classifications of the subtypes of presbycusis and other theories involving the underlying
pathology in presbycusis do highlight the importance of understanding the underlying
cochlear pathophysiology. That is, that there is a variety of degenerative changes to the
cochlea that can and will result in decreased cochlear function with age. Mixed and in-
determinate types of presbycusis represent either a combination of the above noted types
or an inability to qualify into a specific type or types, respectively. Using these classic
foundational studies from Schuknecht and colleagues and the updated descriptions and
techniques described by Ohlemiller, 2004, it could be postulated that, for most individu-
als, mixed or indeterminate presbycusis is suspected and is the result of a myriad of factors
throughout their life including normal cellular aging, genetic predisposition, environmen-
tal factors, and overall health status.
Schuknecht, Icarashi, and Gacek, 1965 were the first to describe physiologic changes
in the saccule as a result of aging. Through histopathologic post-humus evaluation of the
temporal bones of an aged cat, aged dog, and a human that suffered from progressive
ARHL, Schuknecht and colleagues identified specific degeneration of the saccule related
to aging. In the aged cat, a loss of roughly half of the vestibular hair cells and supporting
cells of the macula sacculi were noted bilaterally and symmetrically. In the aged dog,
similar bilateral and symmetric degeneration was noted with loss of half of the vestibular
hair cells and damaged supporting cells; however, additional degeneration of the sensory
epithelium of saccule with displacement and atrophy of the otolithic membrane was also
noted. In the aged man, similar bilateral and symmetric degeneration was noted, again
with some important distinctions. Significant collapse of the saccular wall with adherence
to the macule along with severe macula degeneration accompanied by approximately 50%
vestibular hair cell loss was noted.
Overall Schuknecht, Icarashi, and Gacek, 1965 summarized the possible changes
as loss of macula sacculi, atrophy of the otolithic membrane, loss of vestibular hair cells,
flattened sensory epithlium, and saccular wall collapse. Interestingly, they also noted that
utricle and semicircular canals (SCCs) appeared to be intact. This was theorized to be due
to the phylogenetic development, for which the organ of corti and the saccule develop
together to form the pars inferior later in development than the pars superior associated
with the SCCs and the utricle. That is that phylogenetically younger physiologic structures
are more susceptible to degeneration than older structures, which is thus represented with
similar cellular degeneration of the organ of corti and saccule with age. In this case, then
the utricle and the SCCs make up the pars superior, and thus are not as susceptible to
degenerative changes. At the time of the study it was postulated that these cellular changes
would be either metabolic, cytochemical, enzymatic, or microanatomical in nature.
Johnsson, 1971 further described the degenerative histopathological changes that
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occur in the vestibular system with age. He examined the temporal bones of 150 partic-
ipants from the fetal ages to 97-years of age at autopsy. Twenty-four samples were from
participants with a history of presbycusis. Of these samples, he noted an “obvious degen-
eration of the saccular nerve network, while degeneration of the utricle was only mild”.
Additional degenerative changes in the saccule were described as loss of otoconia. Johns-
son, 1971 described almost invariable loss of otoconia in samples of participants 60-years of
age or older. Samples 30-years of age or younger rarely demonstrated any loss of otoconia.
Samples 30-60-years of age showed varying degrees of otoconia degeneration. Utricular
otoconia had comparable but much less effect noted; however, utricular otoconia was dif-
ficult to assess in this study due to anatomical differences and the specimen preparation.
Johnsson, 1971 further elaborated that the loss of otoconia is possibly due to “mechanical
wear” and could be associated with increase rates of dizziness seen in older adults. Addi-
tionally, it was proposed that the saccule, due to its vertical alignment may be more prone
to loss of otoconia than the utricle and its horizontal configuration due to gravitational
effects.
Park et al., 2001 investigated age-related changes in vestibular neural ganglion with
age. Using 20 sectioned temporal bones from samples ranging in age from 2-88-years of
age, a documented decrease in vestibular neurons from an average of 28,000 cells in youth
to roughly 23,000 cells above 60-years of age was noted. These results were also consis-
tent with the findings from Johnsson, 1971 concerning the age range of decline beginning
after 30-years of age and especially after 60-years of age. Loss of macula sacculi, atrophy
of the otolithic membrane, loss of vestibular hair cells, flattened sensory epithelium, and
saccular wall collapse were all noted; however, utricular and SCC structures appeared to
be intact. Based on these findings it was suggested that presbycusis results in degenera-
tion of vestibular sensory structures (specifically the saccule), as well as, auditory sensory
structures. It was suggested that this pattern of degeneration was likely due to the phy-
logenetic development, for which the organ and corti and the saccule develop together to
form the pars inferior. Whereas the utricle and the SCCs make up the pars superior, thus
are not as susceptible to degenerative changes.
Additional theories outside of Schuknecht’s subtypes also exist and center around a
few key elements of age-related cochlear changes. Mitochondrial degeneration and result-
ing associative oxidative stress, release of free-radicals, and subsequent apoptosis has been
suggested as a key factor in age-related cellular changes in the cochlea (Someya and Prolla,
2010). Fetoni et al., 2011 also provided a comprehensive review of the possible underlying
pathogenesis of presbycusis using animal models including reduced vascularization of the
stria vascularis, oxidative stress, apoptosis, damage to collagen, immune pathology, noise,
gonadal hormones, and other dysfunctions. Specific studies such as Bai et al., 1997 eval-
uated 34 temporal bones from 17 participants with hearing and 17 participants without
hearing loss noting that 14 of 17 samples with hearing loss showed a mitochondrial dele-
tion compared to only 7 of 17 showing a deletion in the normal hearing group. The authors
suggested that the presence of a specific mitochondrial deletion (4,977 bp) is significantly
associated with aging and at least some forms of presbycusis.
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2.2 Auditory Function Changes with Aging
Brant and Fozard, 1990 evaluated audiometric thresholds from 813 adult males from 20-95-
years of age, broken into 7 age groups for age related changes in audiometric results. They
evaluated each subject from 0.125–8 kHz over a 20-year period with serial audiograms.
The results indicated changes in audiometric thresholds in all age groups evaluated with
a range of 5.1dB (0.5Hz) to 21.1dB (8kHz) of change for 20-year-olds and up to 22.9dB
(0.5 Hz) to 84.5dB (8kHz) for 80-year-olds. These results indicated that the high frequen-
cies were more susceptible to decrease, especially with increasing age. Overall this study
indicates that there is a significant decline in auditory function with aging that can be mea-
sured accurately and reliability through changes in pure tone audiometric thresholds and
the process begins in the third decade of life, is progressive, and is predominant in the
highest frequencies.
Epidemiological studies also describe ARHL in the adult population. Cruickshanks
et al., 1998 expanded the literature by completing an epidemiological study for the preva-
lence of ARHL across gender. The participants consisted of 3753 adults 48-92-years of age.
The evaluation consisted of otoscopy, tympanometry, pure-tone air- and bone-conduction
audiometry in a sound treated booth, and a questionnaire of hearing health related topics
such as medical history, noise exposure, other risk factors, and perceived handicap. The
results indicated that the prevalence of hearing loss was 45.9% with an increase in odds of
hearing loss with age. There was also a gender difference noted with men having much
higher odds of having hearing loss than women, even when adjusted for age, education,
noise exposure and occupation.
Helzner et al., 2005 also evaluated a large subject population (muli-site) to evaluate
for prevalence and risk factors associated with hearing loss. His group evaluated across
gender, like Cruickshanks et al., 1998, but also included race as a factor. They completed
audiometric evaluation of 2052 subjects 73-84-years of age, including 660 Caucasian men,
631 Caucasian women, 310 African American men, and 451 African American women
from a Health ABC study and metropolitan areas of Pittsburg, Pennsylvania and Mem-
phis, Tennessee. Pure-tone threshold testing was completed with hearing loss qualified as
greater than 25dB HL average hearing loss at 500, 1000, and 2000Hz and greater than 40dB
HL average hearing loss at 2000, 4000, and 8000 Hz. Additional demographic informa-
tion was also collected including medical history, noise exposure, medication usage, and
lifestyle factors. In agreement with Cruickshanks et al., 1998, the results indicated ARHL
is quite prevalent in older adults with 59.9% indicated hearing loss by the defined crite-
ria for just the 500, 1000, and 2000 Hz average and 76.9% using only the 2000, 4000, and
8000 Hz average. Caucasian men had the highest prevalence of hearing loss with Cau-
casian women, African American men, and African American women following in that
order. Gender difference were consistent with the previous findings from Cruickshanks
et al., 1998. Other factors were also suggested as significant in ARHL including diabetes
mellitus, cerebrovascular disease, smoking, poorer cognitive status, occupational noise ex-
posure, and ear surgery.
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Agrawal, Platz, and Niparko, 2008 completed a national cross-sectional survey of
hearing loss across the United State with adults 20-69-years of age. Like Helzner et al., 2005
hearing loss was qualified as greater than 25dB HL average hearing loss in the low- to mid-
frequency range (500, 1000, 2000, and 4000 Hz) and high-frequency range (3000, 4000, and
6000 Hz). Even with this younger participant population, 16.1% of participants across the
age span have hearing loss in the low- to mid-frequency range with 43% (males) and 20%
(females) in the 60-69-year age group. Again, males had a higher prevalence of hearing
loss than women, and Caucasians had a higher prevalence of hearing loss than African
Americans with additional factors such as smoking, noise exposure, and cardiovascular
risks (hypertension) associated. Additionally, a follow-up study by Gopinath et al., 2009
aimed to confirm these associated factors. Their evaluation of 3654 participants 49-years
of age or older included initial evaluations and follow-up at 5- and 10-year intervals in-
cluding face-to-face interviews to obtain comprehensive medical history and additional
demographic information. Pure-tone audiometry determined audiometric hearing thresh-
olds at 500, 1000, 2000, and 4000 Hz defining hearing loss as an average greater than 25
dB HL and moderate to severe hearing loss as a greater than 40 dB HL in the better ear.
Results from this study were consistent with Agrawal, Platz, and Niparko, 2008 suggested
that hearing loss is quite prevalent in the adult population, increasing with age, and asso-
ciated with several additional factors.
2.3 Vestibular Function Changes with Aging
Su et al., 2004 investigated the effect of aging on VEMP results. Eighty normal participants
7-75-years of age with no history of hearing or vestibular problems. Participants were then
divided into 4 groups: Group I - <20-years of age, Group II 21-40-years of age, Group III
41-60- years of age, and Group IV - >60-years of age. cVEMP testing was completed using
an air-conducted click stimulus at 95dBnHL in a supine position with head lifts used for
sternocleidomastoid (SCM) stimulation. Electromyography (EMG) levels were monitored
to maintain a level of 50-200uV. Latencies, peak amplitude and interaural amplitude differ-
ences were recorded. The results for the first 40 ears in each group were analyzed for per-
centage of present cVEMP responses. Groups I and II presented with 98% present cVEMP
responses. Group II had 90% present responses. Group IV has 60% present responses with
a significant difference noted between the other three groups. Additionally, of the present
responses in each group the latency and amplitude data was analyzed. Results indicated
a significant aging effect for P1/N1 amplitude and N1 latency.
Basta, Todt, and Ernst, 2007 aimed to investigate gender and age on cVEMP ampli-
tude. They evaluated 64 normal participants 20–76 years of age (38 females and 26 males)
dividing each participant into 3 age groups (Group I: 20–40-years of age; Group II: 41–60-
years of age; Group III: 60–76-years of age). cVEMPs were recorded ipsilateral with air-
and bone-conducted stimuli. EMG of the SCM was recorded ipsilateral. The participants
were instructed to turn the head to the contralateral shoulder and hold the position to
maintain stable SCM activation throughout recording. EMG recordings were then used to
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normalize the cVEMP P1/N1 amplitude. The authors reported a 100% cVEMP response
rate (air- and/or bone-conducted stimuli) across participants. Results of this study were
consistent with previous studies with significant differences in cVEMP P1/N1 amplitude
between the each of the 3 age groups with amplitude values decreasing with increasing
age. No significant difference was noted in P1/N1 amplitude with stimulation technique
or across gender.
Janky and Shepard, 2009 also evaluated the effect of aging on cVEMP parameters,
specifically threshold measures. Forty-six participants 20-76-years of age were separated
into five age groups. cVEMP responses were obtained at both maximal stimulus levels
for 500 Hz tone-burst and at threshold to various stimuli (click, 250, 500, 750, and 1000
Hz tone-burst). cVEMP testing was completed with the participant in a seated with head-
turns for SCM activation using a blood pressure cuff as a guide to maintain flexion. No
significant differences were noted for age for N1 latency or P1/N1 amplitude. However,
a significant difference was noted for P1 latency and threshold for various stimulation
frequencies. Age was also significantly positively correlated with the cVEMP threshold
and negatively correlated with P1/N1 amplitude. The authors also noted that the cVEMP
response rate also decreased with increased age.
Nguyen, Welgampola, and Carey, 2010 evaluated age effects in both cVEMPs and
oVEMPs. Fifty-three normal participants (24 males and 29 females) 20–70-years of age
were divided into three age groups (20–30- years of age; 31–50-years of age; and >50-years
of age). Air-conducted stimuli (click and 500Hz tone-burst) and vibration stimuli were
used (midline at the hairline, 30% of the distance between the inion and nasion) for cVEMP
and oVEMP testing respectively. cVEMP testing was completed with each participant semi
recumbent (30-degree) and instructed to lift their heads up from rest for SCM flexion. EMG
was recorded and included for amplitude rectification. oVEMPs were completed with
the participant semi recumbent (30-degree) and instructed to look upward with maximal
gaze for inferior oblique flexion. The authors reported that participants older than 50-
years of age had significantly decreased cVEMP P1/N1 and oVEMP N1/P1 amplitudes.
Interestingly, this group also evaluated age and VEMP amplitudes as continuous variables
with no significant associations indicated. No significant age effects were noted for cVEMP
or oVEMP latencies or asymmetry ratios.
Li et al., 2015 evaluated age-related changes in both oVEMPs and cVEMPs as well as
with other related health factors. 314 community dwelling participants 26-92-years of age
were evaluated with 250 completing cVEMP testing and 257 completing oVEMP testing.
Extensive demographic information was also collected regarding gender, race, cardiovas-
cular risk factors (hypertension, diabetes, hyperlipidemia), and smoking history. cVEMPs
were completed using an air-conducted 500Hz tone-burst stimuli in a 30-degree supine
position, with head lifts to activate the SCMs and EMG rectification. oVEMPs were com-
pleted using tap-evoked stimuli (head-taps delivered manually via reflex hammer at Fz)
in a 30-degree supine position with a 20-degree upward gaze. The results were analyzed
for percentage of present responses. Latency, peak amplitude, and asymmetry ratio values
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were also recorded. Significant differences were noted for cVEMP corrected P1/N1 am-
plitude across age categories indicating decreased amplitude with increasing age. oVEMP
results indicated a significant difference across age categories for both N1/P1 amplitude
and N1 latency values with a decrease in amplitude and prolongation of N1 latency with
increasing age. Additional significant effects for gender for cVEMPs and race for oVEMPs
were noted. All other values and demographic information were not significant.
2.4 Postural Control Changes with Aging
It has been well-described that overall balance function declines with age due to multifac-
torial changes in the musculoskeletal, neuromuscular, and sensory systems. Horak, Shu-
pert, and Mirka, 1989 describe the components of decreased postural control in the elderly
population. The authors reviewed the state of the literature at the time of publication
and described a generalized aging effect on balance mechanisms, but specifically high-
lighted neural degeneration and peripheral vestibular loss as well other components that
contribute to decreased postural control with age. Peripheral vestibular loss specifically
has been reported and summarized by the authors as reduced number of vestibular hair
cells, neural ganglion cells, and eighth nerve fibers which are commonly associated with
aging as well as the possible presence of pathologic peripheral vestibular lesions across
a lifespan. It was also noted that the degree of peripheral vestibular loss is not always
specifically related to reduced balance function overall due to compensatory mechanisms
and the redundant nature of postural control across sensory systems (vestibular, visual,
proprioception).
Maki, Holliday, and Fernie, 1990 specifically evaluated age-related decreases in pos-
tural sway. They evaluated 64 subjects consisting of normal healthy young participants,
normal healthy elderly participants, and elderly participants with a history of falling for
spontaneous postural sway and induced postural sway with applied postural perturba-
tions. The results indicated both the spontaneous and induced-sway measures demon-
strated significant decreases with age. Some additional specific relationships in the el-
derly participants were also noted including significant difference between fallers and
non-fallers in the spontaneous sway condition, which suggests the fallers may have a more
severe disruption of the postural control mechanisms with a theoretical critical point of
becoming a faller. One of the more well-known postural control measures used in both
clinical and research forums is Romberg testing (RT). Thyssen et al., 1982 evaluated 110
healthy individuals ages 20-69-years of age and reported excellent test-retest reliability as
well age-related decreases in sway across the age span. Røgind et al., 2003 also evalu-
ated the use of RT in 1952 healthy individuals 20-70-years of age and reported significant
increase in sway with age across gender.
Steffen, Hacker, and Mollinger, 2002 evaluated the elderly population for several
well-known clinical test protocols for postural control. The authors recruited 96 normal
healthy community dwelling participants 61-89-years of age and completed the Six-minute
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Walk Test, Berg Balance Scale, Timed Up and Go Test, and Comfortable- and Fast-Speed
Walking. The results indicated no significant gender effects, but did suggest that age is
a significant factor in the results for all the tests evaluated. The authors also noted that
of the postural tests evaluated, the Six-Minute Walk test, The Timed Up and Go Test, and
the Fast Speed Walking measurements showed high test-retest reliability. Hageman, Lei-
bowitz, and Blanke, 1995 also evaluated postural control and aging as well and any gender
effect through postural control measures. The authors evaluated 48 normal adults in two
groups. The groups consisted of younger adults (20-35-years of age) and older adults
(60-75-years of age) balanced with equal male and female participants. The subjects were
evaluated using five force platform measures (movement time, path length to targets, and
sway area under eyes open, eyes closed, and visual referenced conditions) and the Func-
tional Reach Test (FRT) in centimeters. The results were not significant for gender, but
did indicate a significant difference between the groups with decreased measures in all six
measures of postural control. Duncan, Weiner, et al., 1990 and Duncan, Studenski, et al.,
1992 also reported specifically on the use of the FRT and reported a strong association with
decreased FRT scores and recurrent falls in the elderly population.
2.5 Concomitant Dysfunction of the Auditory, Vestibular, and/or
Postural Control Systems in Noise-Induced Hearing Loss
Noise-induced hearing loss (NIHL) has been found to correlate significantly with
histopathological changes in vestibular structures, reduced postural stability and vestibu-
lar dysfunction noted with ENG, VNG, and VEMP testing. Histopathological study has
indicated specific cochlear destruction from noise exposure. Animal model studies have
linked specific histopathological changes in the vestibular structures following noise ex-
posure. Akdogan et al., 2009 evaluated vestibular effects of noise exposure using animal
models and histopathological evaluation of temporal bones. 10 adult albino guinea pigs
were exposed to either intermittent or continuous noise. Following exposures, the tem-
poral bones were evaluated with characteristic changes in the macula, degeneration of
epithelial cells, and cell apoptosis were noted with a significant increase in these changes
noted for the continuously exposed group. However, there is discrepancy within the liter-
ature regarding these findings. Specifically, McGill and H. F. Schuknecht, 1976 evaluated
the temporal bones for 14 human ears with NIHL. Their results indicated degenerative
changes at the basal turn of the cochlear duct with damage to hair cells, supporting cells
and inner and outer sulcus cells in all cases correlating with auditory function. However,
no specific pattern of significant vestibular degeneration within cochlea was noted as least
suggesting the possibility that NIHL and vestibular dysfunction were no connected at least
on a histopathological level in these cases.
Further evaluation of the relationship between NIHL and vestibular function in
humans involved more specific peripheral vestibular function testing. Golz et al., 2001 ex-
amined 258 male military personnel with an average of 27-years of age with documented
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exposure to significant to both impact and impulse noise and 35 normal healthy controls.
The NIHL participants were evaluated using audiometry (separated into groups of sym-
metric and asymmetric hearing loss) and electronystagmography (ENG). Significant dif-
ferences in the presentation of vestibular symptoms (vertigo, dizziness, imbalance, etc.)
and ENG findings were noted between the symmetric and asymmetric NIHL groups as
well as the asymmetric NIHL group and the control group. Spontaneous nystagmus, po-
sitional nystagmus, reduced slow phase velocity, and caloric asymmetries were also noted
in the NIHL groups. Increased ENG abnormalities also correlated with reported vestibular
symptoms in the NIHL groups. Overall, the study suggested that exposure to both mili-
tary impulse and impact noise poses a significant risk to vestibular function in addition to
and concomitant with auditory function.
Wang and Young, 2007 evaluated vestibular dysfunction related to hearing loss
looking specifically at chronic NIHL. Audiometry, stapedial, caloric, oculomotor, posi-
tional, and cVEMP testing was completed for twenty participants with NIHL ranging from
33-61-years of age with a range of 10-30-years of occupational noise exposure. NIHL was
classified using diagnostic criteria from the College of Occupational and Environmental
Medicine, with emphasis on the classic “notching” of the audiogram at 3000, 4000, or
6000Hz with recovery at 8000Hz. Caloric testing was also completed for both cool and
warm irrigations in both ears for each subject. Participants were then categorized into two
groups based on the 4-frequency threshold (Group I - 26-40dB and Group II - 41-75dB).
cVEMP testing was completed using an air-conducted 500Hz tone-burst stimuli at 95dB
HL in a supine position, with head lifts to activate the SCMs. EMG levels were moni-
tored and relayed to the subject to maintain and average of greater than 50uV EMG dur-
ing recording. cVEMP results were evaluated for presence/absence. Results indicated a
significant correlation between absent cVEMP responses and the audiometric threshold at
4000Hz. Overall cVEMP responses were absent with greater hearing loss suggesting that
saccule dysfunction is a correlate of NIHL. Additionally, caloric test results were also ab-
normal in 45% of the subjects; however, no correlation with the 4000Hz notch was noted.
This suggests additional vestibular dysfunction outside of the saccule, which conflicts with
other studies that have suggested vestibular dysfunction associated with hearing loss is
likely restricted to the saccule.
Kumar, Vivarthini, and Bhat, 2010 also evaluated NIHL and cVEMP testing. A to-
tal of 30 participants with NIHL ranging from 30-40-years of age and 30 normal controls
were evaluated. Audiometry, tympanometry, and acoustic reflex testing was completed
on each subject. cVEMP testing was completed using an air-conducted click stimulus at
99dBnHL in an upright position with head turns used for SCM stimulation. EMG lev-
els were monitored and relayed to the subject to maintain and average of 50 – 100uV
EMG during recording. cVEMP results were evaluated for presence or absence and la-
tency and amplitude. cVEMP was absent in 29% of the ears for the NIHL group with
significant differences noted in both P1 and N1 latency (delayed) and P1/N1 amplitude
(smaller) compared to the control group. Additionally, a significant correlation was noted
between PTA of hearing loss and both P1 and N1 latency and P1/N1 amplitude of the
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cVEMP responses. This study further elaborated on the vestibular effects, specifically the
saccule-collic response, from NIHL suggesting significant changes in vestibular function
with increased hearing loss, at least due to prolonged noise exposure.
Tseng and Young, 2012 were the first study to evaluate both saccule and utricle
function using cVEMPs and oVEMPs in NIHL. Thirty participants with NIHL ranging
from 22-64-years of age and 30 normal age and gender matched controls. NIHL was
classified using diagnostic criteria from the College of Occupational and Environmental
Medicine. Otoscopy, audiometry, and caloric testing was completed on each participant.
Caloric testing was completed for both cool and warm irrigations in both ears for each
participant. cVEMP testing was completed using a bone-conducted 500Hz tone-burst
stimuli beginning at 128dB FL (force-level) in a supine position with head lifts used for
SCM stimulation. EMG levels were monitored and relayed to the participant to maintain
and average of greater than 50uV EMG during recording. oVEMPs were completed us-
ing a bone-conducted 500Hz tone-burst stimuli beginning at 128dB FL (force-level) in an
upright sitting position with a 30-degree upward gaze. The results were analyzed for per-
centage of normal responses using latency, peak amplitude, and asymmetry ratio values.
cVEMP was abnormal in 50% of the ears for the NIHL group. oVEMP was abnormal in
33% of the ears for the NIHL group. Calorics were abnormal in 25% of the ears for the
NIHL group. Significant differences were noted in both P1 and N1 latencies (delayed) and
P1/N1 amplitude (smaller) compared to the control group. Additionally, a significant dif-
ference in percentage of abnormal test results for audiometry, cVEMP, oVEMP, and calorics
between the NIHL and the control group was noted. Importantly these results suggest the
pars superior (utricle) is effected by NIHL, albeit to lesser degree than the pars inferior
(saccule), and can be measured through changes in the oVEMP response. This study also
suggested and established a sequence of degenerative changes in NIHL as measured with
diagnostic testing with audiometry, cVEMP, oVEMP, and calorics.
Additional studies have also linked NIHL with decreased postural control. For ex-
ample, Juntunen et al., 1987 evaluated 60 participants with NIHL for body-sway measure-
ments and compared them to 115 healthy normal controls. All NIHL participants were
military personnel that had documented history of decreased audiometric thresholds and
firearm noise exposure. Pure tone audiometry was completed along with force-plate plat-
form postural sway evaluations. Postural stability was measured with eyes open and eye
closed. Specific demographic information regarding the history of noise-exposure was also
obtained. The results indicated significantly worse audiometric thresholds and increased
postural sway for the NIHL group compared to the normal control group. Additionally,
the NIHL participants with more hearing loss exhibited more postural sway than the NIHL
participants with milder hearing impairments. Both auditory and vestibular degeneration
were noted with noise exposure with the vestibular disruption suggested as a likely sub-
clinical disturbance of the vestibular structures.
Additionally, Kilburn, Warshaw, and Hanscom, 1992 evaluated 78 iron workers
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compared to 128 normal controls (histology technicians). Audiometric testing was com-
pleted and postural stability was measured on an uncovered floor with the subject’s feet to-
gether and arms folded and a visual target 6 feet away for eyes open and in an eyes closed
condition. Sway was measured using head mounted microphones and a sound emitting
stylus documenting head movement in relation to sound. The results documented both
decreased hearing, increased postural sway, and increased sway speed compared to the
normal controls suggesting noise exposure having a deleterious effect on both auditory
and balance function. A significant correlation was also found between hearing thresh-
olds and sway speed in the NIHL group only.
2.6 Concomitant Dysfunction of the Auditory, Vestibular, and/or
Postural Control Systems in Sensorineural Hearing Loss
Peripheral vestibular loss and concomitant hearing loss have also been described in the lit-
erature regarding sudden idiopathic sensorineural hearing loss (ISSHL). Hong et al., 2008
evaluated vestibular function in patients with ISSHL. Hong and colleagues evaluated 52
patients with ISSHL without vertigo using cVEMP and audiometric threshold data. The
results indicated a significant correlation with the degree of hearing loss present (greater
than 90dB HL and less than 55dB HL over 1000 Hz) and absent cVEMP response. The
authors suggested that based on their findings a subclinical deterioration of the saccule
function is noted in ISSHL, likely due to an underlying shared pathophysiology, proxim-
ity, and/or shared function of the structures. They also noted a significant correlation with
audiometric thresholds, specifically high-frequency hearing loss and saccular function as
measured by cVEMP in ISSHL, suggesting a clear association between loss of both audi-
tory and vestibular function during the disease process.
Specific study linking SNHL and vestibular function has also suggested a signifi-
cant association. Sazgar et al., 2006 evaluated 50 adult participants (20-60-years of age)
with high-frequency sensorineural hearing loss (HF-SNHL) and 18 normal healthy adult
participants (20-60-years of age) as controls. Audiometric testing was completed using air-
and bone-conduction audiometry, speech discrimination, speech recognition thresholds,
and tympanometry. Pure tone averages were then calculated for the 4000-8000Hz results
to indicate the HF-SNHL, then divided into three groups (Group I - 20-40dB, Group II - 41-
60dB, and Group 3 - >61dB PTAs). cVEMP testing was completed using an air-conducted
click stimulus at 110dBnHL in a supine position with head lifts and turns used for SCM
stimulation. The results were analyzed for percentage of present cVEMP responses for the
normal group, and each of the three groups of HL subjects. The normal group has 84.4%
present responses while the HF-SNHL subjects demonstrated only 55.3% present cVEMP
responses. Group I demonstrated 79.2% present responses with Group II at 38.7% and
Group III at 52.4%. Significant differences were noted between the normal controls and
the overall HF-SNHL participants as well as for each of the three groups. Additionally,
a significant difference was noted between Group I and both Group II and Group III. No
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significant difference was noted between Group II and Group III. These results were also
evaluated for factors such as P1 and N1 latency and age with no major significant findings
noted between the normal group and the HF-SNHL group or within the three HF-SNHL
groups. Overall these results suggest an association between SNHL and saccular function,
which may increase with decreased PTAs. Interestingly, in this study age was not a factor
in cVEMP presence, which has been suggested in other literature. This is possibly due
to the age range used in this study as opposed to considering older adults greater than
60-years of age with ARHL.
Xu et al., 2016 also looked specifically at SNHL and vestibular dysfunction. A ret-
rospective analysis of 29 participants 18-63-years of age was completed. Each participant
had been diagnosed with bilateral profound SNHL of >95dB HL PTA of 500, 1000, 2000,
and 4000Hz for each ear. Otoscopy and tympanometry were performed to rule out con-
comitant middle ear pathology prior to testing. cVEMP testing was completed using an
air-conducted 500Hz tone-burst stimuli beginning at 125dB SPL (5dB steps as needed to
elicit a response) in a supine position, with head lifts to activate the SCMs. oVEMPs were
completed using an air-conducted 500Hz tone-burst stimuli beginning at 125dB SPL (5dB
steps as needed to elicit a response) in a supine position with an upward gaze. Latency
and peak amplitude values were recorded. Caloric testing was also completed for both
cool and warm irrigations in both ears for each participant. Forty healthy control ears were
also evaluated for comparison. The results indicated a response rate for both cVEMP and
oVEMP in the normal control group of 100%. The response rate in the profound SNHL
group was 44.4% for cVEMPs and 38.9% in oVEMPs, which was significantly different
from the normal control group. Additionally, in subjects with profound SNHL, when
VEMP responses were present, threshold, latency, and amplitude values were all noted
to be abnormal. Specifically, cVEMP results indicated elevated thresholds, reduced ampli-
tudes, and shortened latencies for both P1 and N1 compared to controls. oVEMP results
indicated elevated thresholds and reduced N1/P1 amplitude compared to the controls.
2.7 Concomitant Dysfunction of the Auditory, Vestibular, and/or
Postural Control Systems in Age-Related Hearing Loss
Zuniga et al., 2012 evaluated 51 older adults 70-years of age and older. Participants were
categorized for age, gender, race, educational level, smoking status, hypertension, and
noise exposure. Audiometric testing was completed from 500-8000Hz at both ears and
PTAs were calculated for mid-frequency (500, 1000, 2000, and 4000Hz), low-frequency (250
– 1000Hz), and high-frequency (4000 and 8000Hz) thresholds. Head Thrust Dynamic Vi-
sual Acuity testing (htDVAT) was completed for static and dynamic visual acuity. cVEMPs
were completed using an air-conducted 500Hz tone-burst stimuli at 125dB SPL in a 30-
degree supine position, with head turns to activate the SCMs and rectified for electromyo-
graphy (EMG) levels. oVEMPs were completed using tap-evoked (mini-taps with a re-
flex hammer) at 30-degree supine with 30-degree upward gaze. P1/N1 amplitudes were
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recorded. The results indicated a significant correlation of all 3 PTAs with cVEMP P1/N1
amplitudes, strongest for the high-frequency PTA. None of the PTAs were significantly
correlated with oVEMP N1/P1 amplitude or htDVAT results. Significant correlations were
also noted for age, smoking status, and noise exposure then corrected for each factor with
only noise exposure remaining as a significant factor. Overall the results indicated a signif-
icant correlation between the degree of hearing loss and increased noise exposure with de-
creased saccular function. These results also suggested that utricular function as measured
by oVEMPs may not be associated with either degree of hearing loss. However; it may be
important to note that tap-evoked oVEMPs have been reported to have reduced test-retest
reliability than acoustic evoked oVEMPs (Nguyen, Welgampola, and Carey, 2010).
Kurtaran et al., 2016 evaluated 63 adults (55-82-years of age, mean 65.1-years of
age). The groups consisted of 31 participants with normal hearing with 32 participants
with SNHL. Audiometric testing was completing 250-8000Hz. cVEMP testing was com-
pleted at 95dBHL with 500 Hz tone-burst stimuli, 4 msn rise/fall time, and 2 msec plateau
with a repetition rate of 5.5 per second. A non-inverting electrode was placed on the up-
per third of the SCM and the inverting electrode was placed over the SCM tendon above
the clavicle. The participants were positioned upright and instructed to turn their heads
toward the contralateral side of the tested ear. SCM equalization was completed and EMG
response of the muscle was recorded. Results indicated significant differences for P1 and
N1 latencies and P1/N1 amplitude with the SNHL group exhibiting lower P1/N1 ampli-
tude and increased P1 and N1 latencies compared to the normal hearing group.
In addition to studies suggesting a significant association between ARHL and
vestibular dysfunction, a recent systematic review also evaluated the association between
hearing loss and postural control in older adults. Agmon, Lavie, and Doumas, 2017 sum-
marized that hearing loss resulted in slower gait speed, lower standing balance, lower
walking endurance, more difficulties walking distances, and lower Short Physical Perfor-
mance Battery scores. People with hearing loss also performed fewer chair stands, experi-
enced greater difficulties in stair-climbing, and had lower physical activity and higher risk
for falls. Additionally, the severity of the hearing loss was connected to a higher preva-
lence of difficulties in walking and falls decreased participation in the community, and a
proclivity to ambulate in their closest environment.
Viljanen et al., 2009 investigated hearing loss as a predictor of falls and postural
control in older female twins. Two-hundred and seventeen female twin pairs 63–76-years
of age were evaluated using audiometric testing, falls over a 345-day period, and postural
control measures. The results indicated that increased hearing loss (mean thresholds level
for 500-4000Hz in dB) correlated with a higher risk for falls and decreased postural control.
Further analysis of the twin factor indicated no significant association that would explain
the correlation of hearing loss, falls, and postural control with genetic factors.
Lin and Ferrucci, 2012 also evaluated hearing and falls in the elderly population
using a cross-sectional study of 2017 participants 40-69-years of age using audiometric
testing and fall history. Audiometric testing was completed and a PTA of 500, 1000, 2000,
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and 4000Hz was calculated with hearing loss determined by greater than 25dB HL. Cor-
rection was made for other contributing factors such as demographic factors and postural
control measures (Modified Romberg Test of Standing Balance on Firm and Compliant Sur-
faces). Using logistic regression, the unadjusted model indicated a significant association
between hearing loss and the odds of reported falls with every 10-dB increase in hearing
loss increasing the odds a fall. Even after adjustment for covariate factors the significance
of the association did not substantially change.
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Chapter 3
THEORETICAL FRAMEWORK
Histopathological changes in the cochlea with aging results in decreased auditory func-
tion. The underlying theories proposed for this degeneration can be centered around
Schuknecht’s descriptions involving the types of presbycusis also known as ARHL. These
theories, first proposed by Schuknecht, 1964 and further elaborated by Schuknecht and
Gacek, 1993 and Ohlemiller, 2004 describe sensory, neural, metabolic, cochlear conduc-
tive, mixed and indeterminate types of presbycusis each with a different (or combination)
underlying pathophysiology. Atrophy of the organ of Corti and spiral ganglion at the basal
turn of the cochlea, decline of the number and condition of the hair cells and supporting
cells of the cochlea, loss of spiral ganglion cells, loss of the neuronal population in the cen-
tral nervous system, genetic factors, defects in the physical and chemical processes of the
cochlea with reduction of the endocochlear potential, and a degeneration of the mechanics
of the cochlear motion have all been associated with aging. Obviously the final two sub-
types, mixed and indeterminate, represent either a combination of the above noted types
or an inability to qualify into a specific type or types, respectively.
Additional theories outside of Schuknecht’s subtypes describing mitochondrial de-
generation and resulting associative oxidative stress, release of free-radicals, cell apopto-
sis, reduced vascularization of the stria vascularis, oxidative stress, damage to collagen,
immune pathology, noise, and gonadal hormones also exist to explain the pathophysiol-
ogy of ARHL (Someya and Prolla, 2010; Fetoni et al., 2011; Bai et al., 1997). Using these
classic foundational studies from Schuknecht, 1964 and Schuknecht and Gacek, 1993 and
the updated descriptions and techniques described Ohlemiller, 2004, Someya and Prolla,
2010, Fetoni et al., 2011, and Bai et al., 1997 it could be postulated that, for most individ-
uals, mixed or indeterminate ARHL is suspected and is the result of a myriad of factors
throughout their life including normal cellular aging, genetic predisposition, environmen-
tal factors, and overall health status.
While the underlying pathophysiology and auditory effects of ARHL have been
well-described, the possibility of associated vestibular effects have only been minimally
investigated. Schuknecht, Icarashi, and Gacek, 1965 were the first to describe physiologic
changes in the vestibular with aging through histopathologic post-humus evaluation of the
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temporal bones. Overall, Schuknecht and colleagues described specific changes to the sac-
cule in cochleas with noted presbycusis with the utricle and SCCs spared. Johnsson, 1971
agreed with these findings as he also described degenerative histopathological changes in
the saccule beginning after 30-years of age and especially after 60-years of age that occur
in the vestibular system with age most specifically to the saccule. Park et al., 2001 de-
scribed additional degenerative changes to the vestibule with aging reporting a decrease in
vestibular neurons from youth to above 60-years of age. Based on these studies, it could be
postulated that presbycusis is a bi-modal process with degradation that will involve both
the auditory and vestibular structures in similar fashion. This is based on a combination
of factors involving age-related cellular changes, genetic predispositions, environmental
factors, and overall health status as well as the loss of both sensory and supporting cells
as well neural ganglia in both structures all resulting from the same underlying associated
pathology.
As previously stated, reduced postural control is well-documented with age and is
multifactorial in nature; however, identifying and managing possible vestibular changes
with age as factor in reduced postural control could have over-reaching effects on fall risk
and overall morbidity and mortality rates in the elderly population. To best accomplish
this goal, further study is needed to quantify and qualify vestibular effects associated with
ARHL using vestibular and postural control tests to further describe this phenomenon.
Based on the aforementioned theoretical framework, the following hypotheses are stated:
1. Saccule function as measured by cVEMP amplitude will be significantly lower in the
ARHL group than in the control group.
2. Utricle function as measured by oVEMP amplitude will be significantly lower in the
ARHL group than in the control group.
3. Saccule function as measured by cVEMP latency will be significantly prolonged in
the ARHL group than in the control group.
4. Utricle function as measured by oVEMP latency will be significantly prolonged in
the ARHL group than in the control group.
5. Postural control as measured by KD Balance will be significantly worse in the ARHL
group than in the control group.
6. Postural control as measured by Functional Reach will be significantly worse in the
ARHL group than in the control group.
7. There will be a significant correlation between pure tone averages and saccule and
utricle function as measured by cVEMP and oVEMP measures and/or postural con-
trol as measured by KD Balance and FRT.
The long-term goal of this study is to improve the understanding of ARHL and re-
duced postural control, specifically by evaluating vestibular function. By furthering this
understanding, we aim to improve identification criteria and management for adults with
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ARHL who could be at increased risk for reduced postural control and falls specifically re-
lated to age-related vestibular dysfunction. The results of this study will provide specific
information about the association between ARHL and saccule/utricle function as mea-
sured by VEMPs. The results of this study will also describe significant associations, if
any exist, between the degree of hearing loss in ARHL with saccule/utricle function as
measured by VEMPs and postural control measures.
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METHODOLOGY
4.1 Participants
An a priori power analysis using G-Power 3.1.9.2 completed using independent samples
t-tests design, an alpha level of 0.05, and a large effect size (f = 0.80) showed that a total
sample size of at least 42 (ears) is sufficient for a power of at least 0.80 (actual power
= 0.8167878). Additional a priori analysis using a one-tailed bivariate correlation design
assuming individual dependent variables, an alpha level of 0.05, and a large effect size (f
= 0.40) showed that a total sample size of at least 34 (ears) is sufficient for a power of at
least 0.80 (actual power = 0.8011069). In the absence of previous data, a large effect size (f
= 0.40) was chosen to maximize clinical relevance.
All participants were required to sign an informed consent form before participat-
ing in the study. Participation consisted of one study session lasting approximately 2
hours. Participants were from the Knoxville, TN area and were recruited via advertise-
ments (flyers, social media) and phone recruitment from the UTHSC Audiology Clinic
research study volunteer database. Group was determined through audiometric evalu-
ation consisting of pure tone air- and bone-conduction threshold evaluation. Recruited
participants consisted of 34 adults (50-70-years of age) with 16 males and 18 females. Two
ears from 2 separate male participants were not included in the study due to significant
asymmetry associated with previous diagnosed otologic pathology. Four additional par-
ticipants exhibited asymmetry between ears and ABRs were completed to rule out retro-
cochlear pathology with all 4 exhibiting normal ABR results and included in the study.
For the purposes of this study each ear was considered separate for PTAs and VEMP
values. Demographic information was collected regarding noise exposure (no significant
noise exposure or recreational, military, and occupational noise exposure), education level
(high school, undergraduate, graduate), diabetes, cardiovascular problems, treatment with
ototoxic drugs, and chemotherapy. Participants with history of significant neurologic
pathology, diabetes, or other conditions associated specifically with hearing loss and/or
vestibular/balance dysfunction or noted specific congenital or pathological (Meniere’s dis-
ease, labyrinthitis, otosclerosis, conductive or mixed hearing loss, history of sudden onset
hearing loss, or documented noise-induced hearing loss) hearing loss and or history of
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significant specific balance or vestibular dysfunction (i.e. Parkinson’s disease, vestibular
neuritis, labyrinthitis, etc.) were excluded from the study. From the 34 recruited partic-
ipants, 6 ears were removed from analysis due to either suspected pathology other than
ARHL and/or statistical outlier status. Group 1 consisted of 33 ears with normal hearing.
Group 2 consistent of 27 ears with hearing loss determined using the World Health Organi-
zation (WHO) definition a PTA of 500, 1000, 2000, and 4000Hz of greater than 25dB (Report
of the Informal Working Group on Prevention of Deafness and Hearing Impairment Programme
Planning, Geneva, 18-21 June 1991 2020).
4.2 Audiologic Assessment
Evaluation of the external ear canals was completed to ensure that each ear canal was free
of cerumen or foreign material prior to testing. Immittance testing was completed us-
ing the Interacoustics Titan system (Interacoustics, Middlefart, Denmark). Tympanometry
was completed to evaluate middle ear compliance and pressure to ensure participants did
not have significant middle ear dysfunction. Acoustic reflex thresholds were obtained bi-
laterally to both ensure participants did not have significant conductive or retrocochlear
pathology and/or confirm cochlear site of lesion. All audiometric testing was conducted
in a sound-treated examination room (IAC; 2.2 x 1.8meters) with pure-tone stimuli were
delivered through ER-3A insert earphones with the appropriately sized ER3-14 disposable
foam ear tips utilizing a GSI 61 audiometer (Grason-Stadler, Eden Prairie, MN). Thresholds
(dB HL) for air-conducted tones were recorded to determine the level of frequency-specific
hearing sensitivity at octave and inter-octave intervals from 250 Hz to 8000 Hz. Bone con-
duction testing was completed for 500-4000Hz to rule out conductive pathology.
ABR testing was completed when indicated by significant audiometric asymmetry
(20 dB or greater asymmetry at 2 consecutive frequencies or 15dB or greater asymmetry
at 2 consecutive frequencies 2000-8000Hz, or unilateral tinnitus) using the ICS Charter EP
200 system (Natus, Inc, Pleasanton, CA) (Gimsing, 2010). Testing consisted of recording
using a stimulus delivered through auditory means (insert earphone) with recording using
surface electrodes placed on each mastoid and on the center forehead. The active electrode
was mounted to the middle of the forehead (Fpz), the reference electrode to the ipsilateral
mastoid (M1), and the ground to the contralateral one (M2). All electrode impedances
were below 5kΩ. Clicks were 100µs in duration and presented in rarefaction polarity at
80dBnHL at a rate of 21.1/s and 77.7/s (rate-study).
4.3 Vestibular Assessment
oVEMPs provide an assessment of the VOR consisting of the sensory structures of the utri-
cle, the primary afferent nerve (superior portion of the vestibular nerve branch of cranial
nerve VIII), vestibular nuclei, oculomotor nuclei, and the inferior oblique muscle. cVEMPs
provide an assessment of the VCR (and at least shared portions of the VSR arc) consisting
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of the sensory structures of the saccule, the primary afferent nerve (inferior branch of the
vestibular nerve), vestibular nuclei, medial vestibular spinal tract, and the sternocleido-
mastoid muscle (SCM). VEMP responses.
cVEMPs were recorded using 500Hz tone-burst stimuli at 95dBnHL both ears using
the ICS Charter EP 200. 500Hz was chosen at the stimulus frequency due to the highest
reported response rate for the population being evaluated. cVEMPs were recorded using
surface electrodes placed on the middle of the SCM, each sterno-clavical junction, and the
forehead. An auditory signal of 95dBnHL utilizing a 500Hz tone-burst was delivered to the
ears via insert earphones. EMG monitoring (to maintain stable EMG) and amplitude was
also measured using additional electrodes just below the active electrodes on the SCMs
with EMG rectification/normalization employed. Recording consisted of 2 100 sweep runs
with the largest response marked to obtain values of latency (msec) for waves, P1, N1, and
P2 and the amplitude values (uV) for the P1/N1 complex.
oVEMP were recorded using surface electrodes placed at the belly of the inferior
oblique tendons (inferior oblique muscles) on one side of each eye, just outside the epican-
thi folds on the other side of each eye, and on the forehead. An auditory signal of 95dBnHL
utilizing a 500Hz tone-burst will be delivered to the ears via insert earphones. Recording
consisted of 2 runs of 30 sweeps added to obtain values of latency (msec) for waves, N1
and P1 and the amplitude values (uV) for the N1/P1 complex.
4.4 Postural Control Assessment
The FRT has been identified as a pertinent and efficient measure of postural control with
age-reference normative and cutoff values for intervention noted (Duncan, Weiner, et al.,
1990; Duncan, Studenski, et al., 1992). FRT is a behavioral procedure designed to evaluate
the status of postural control in a standing and reaching position. The FRT has also shown
to be sensitive to vestibular dysfunction in the elderly population (Duncan, Studenski, et
al., 1992). The FRT procedure consists of a yard stick attached to a wall at the participant’s
shoulder height. The participant was then positioned close to the wall to enable them
to reach forward along the length of the yardstick with their feet together and their arm
parallel to the floor. The participant was then instructed to make a fist and raise their
arm to 90-degrees for an initial baseline measure. They were then instructed to reach as
far forward as possible without taking a step or release their fist. The investigator would
then note the distance in inches covered from the baseline position of the third metatarsal
to furthest reach. The FRT score was then recorded as the distance in inches. This was
completed with 3 trials and an average of the final 2 scores were recorded to allow for
learning affect and test-retest differences.
RT was also completed as measure of postural sway utilizing the KD Balance Ap-
plication (King-Devich Technologies, Inc., Downers Grove, IL) in concert with Apple IPod
Touch using iOS 8 (Apple, Inc, Cupertino, CA). The KD Balance application is an FDA
510(K) cleared mobile application used by athletic trainers, physical therapists, physicians,
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and other healthcare professionals to assess postural stability. The KD Balance application
utilizes RT with a specific protocol consisting of double leg Romberg with eyes closed,
single leg Romberg with left foot forward, and single leg Romberg with right leg forward.
Each of the 3 conditions are completed with the IPod in a fastened chest harness. An objec-
tive balance score is automatically derived by detecting the individual’s movements using
the device’s internal accelerometer. After instruction and a 5 second countdown, a 20 sec-
ond recording with eyes closed for each conditions were completed. FRT and KD Balance
Scores could not be obtained one 1 subject due to an acute lower back injury at the time of
the visit.
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RESULTS
cVEMP and oVEMP measures were averaged for the normal hearing and ARHL groups.
For final analysis, group 1 consisted of 33 ears from participants age 50-70 with normal
hearing with average age of 60.8 years (sd 6.287 years) and an average mid-frequency PTA
of 14.8 dB. Group 2 consisted of 27 ears from participants age 50-70 years with ARHL
and an average age of 62.9 years (sd 4.984 years) with an average mid-frequency PTA of
39.9 dB. All statistical analyses were completed using IBM SPSS Statistics 25. An indepen-
dent samples t-test was completed preliminarily to evaluate for any significant difference
in age between the groups. No significant difference between groups for age was noted
(p-value 0.153). The main study analysis was then completed using independent samples
t-tests to assess group mean differences for dependent variables. The independent variable
was group with 2 levels (normal hearing, ARHL). The dependent variables were cVEMP
P1/N1 Amplitude, cVEMP P1 Latency, cVEMP N1 Latency, cVEMP P2 Latency, oVEMP
N1/P1 Amplitude, oVEMP N1 Latency, and oVEMP P1 Latency. Results indicated a signif-
icant group difference for cVEMP P1/N1 Amplitude and oVEMP N1/P1 amplitude with
smaller amplitudes noted for the ARHL group with no significant difference was noted
for group for all the other dependent variables (Table 5.1; Figures 5.1 and 5.2). The pos-
tural stability scores were averaged for the control and ARHL groups. The independent
variable was group (combined left and right ears). Independent sample T-tests were then
used to evaluate group mean differences for postural stability testing as measured by the
dependent variables of KD Balance Double Leg score, KD Balance Tandem Right score,
the KD Balance Tandem Left score, and the FRT score. The results indicated no significant
group mean differences (Table 5.2).
Additional analyses were completed using Pearson correlation to evaluate the re-
lationship of the mid-frequency PTA to the dependent variables. The results of the corre-
lational analyses with Benjamin Hochberg correction for multiple comparisons indicated
significant correlations for cVEMP amplitude and oVEMP P1 latency (Tables 5.3 and 5.4;
Figures 5.3 and 5.4). Based on these results and results from previous studies additional
follow-up analysis was also completed using Pearson correlation to further evaluate the
configuration of hearing loss (low-frequency PTA, high-frequency PTA, and Hearing Loss
Slope) to the dependent variables cVEMP P1/N1 Amplitude and oVEMP N1/P1 Am-
plitude. Low-frequency PTA was calculated using the threshold data for 250, 500, and
Chapter 5. RESULTS 29
Table 5.1: Independent Samples T-Test for Group Differences in Mean
on VEMPMeasures.
1000Hz. High-frequency PTA was calculated using 4000, 6000, and 8000Hz. Hearing Loss
Slope (HLS) was calculated by subtracting the high-frequency average (3000, 4000 and
6000Hz) from the bilateral low-frequency average (250, 500 and 1000Hz) (Hornsby, John-
son, and Picou, 2011). The results of the correlational analyses (with Benjamin Hochberg
correction for multiple comparisons) indicated a significant correlation for Low-frequency
PTA with cVEMP P1/N1 amplitude only, High-frequency PTA with oVEMP N1/P1 am-
plitude only, however the HLS was significantly correlated with both the cVEMP P1/N1
amplitude and oVEMP N1/P1 amplitude (Tables 5.5, 5.6, 5.7, and 5.8; Figures 5.5 and 5.6).
Chapter 5. RESULTS 30
Figure 5.1: Mean cVEMP Amplitude for Group.
± 2 Standard Deviations shown
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Figure 5.2: Mean cVEMP Amplitude of Normal and ARHL Groups.
± 2 Standard Deviations shown
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Table 5.2: Independent Samples T-Test for Group Differences in Mean
for Postural Stability Measures.
Table 5.3: Pearson Correlation for Mid-Frequency PTA and VEMP
Measures.
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Table 5.4: Benjamin-Hochberg Correction for Multiple Comparisons for
VEMPMeasures from Table 5.3.
Table 5.5: Pearson Correlation for ARHL Group for Low-Frequency PTA,
High-Frequency PTA and Hearing Loss Slope and VEMP Amplitudes.
Table 5.6: Benjamin-Hochberg Correction for Multiple Comparisons for
Low-Frequency PTA from Table 5.5.
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Figure 5.3: Correlation of Mid-Frequency PTA to cVEMP P1/N1
Amplitude.
Showing the linear regression correlation line R=0.129
Table 5.7: Benjamin-Hochberg Correction for Multiple Comparisons for
High-Frequency PTA from Table 5.5.
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Figure 5.4: Correlation of Mid-Frequency PTA to oVEMP P1 Latency.
Showing the linear regression correlation line R=0.085
Table 5.8: Benjamin-Hochberg Correction for Multiple Comparisons for
Hearing Loss Slope from Table 5.5.
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Figure 5.5: Correlation of cVEMP P1/N1 Amplitude and HL Slope for the
ARHL Group Only.
Showing the linear regression correlation line R=0.406
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Figure 5.6: Correlation of oVEMP N1/P1 Amplitude and HL Slope for the
ARHL Group Only.
Showing the linear regression correlation line R=0.132
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DISCUSSION AND CONCLUSIONS
6.1 Discussion
The primary purpose of this study was to evaluate if there is a significant difference in
saccule/utricle function as measured by cVEMP and oVEMP testing and postural con-
trol measured by KD Balance and FRT scores between older adults with normal hearing
and older adults with ARHL. The results of this study indicated a significant difference
in cVEMP P1/N1 amplitude and oVEMP N1/P1 amplitude between adults 50-70-years
of age with normal hearing and adults in the same age range with ARHL. The adults in
the ARHL group exhibited significantly decreased cVEMP P1/N1 and oVEMP n1/P1 am-
plitudes than the normal hearing group. There were no significant group differences for
cVEMP or oVEMP latencies, KD Balance scores or FRT scores.
These results are consistent with previous findings from Kurtaran et al., 2016 who
also reported significantly reduced cVEMP P1/N1 amplitudes in participants with ARHL.
In contrast, the Kurtaran study also reported significant differences for cVEMP P1 and N1
latency values as well with delayed latencies in the ARHL group. Differences in these re-
sults and the Kurtaran et al., 2016 study could be related to differences in qualification of
participants for group as they did not report the PTA frequencies or criteria for groups.
Additional consideration for the differences in latency findings could be given to the age
range and degree of hearing loss in the ARHL group. The Kurtaran et al., 2016 study had
a wider age range (55-82-years of age) and a higher degree of hearing loss in their ARHL
group which could account for increased progression of the underlying shared pathophys-
iology of age-related changes in hearing and vestibular function as suggested in both stud-
ies.
The results of this study indicated significantly decreased oVEMP P1/N1 ampli-
tude for the ARHL participants. No studies at the time of this publication are known to
have evaluated group differences for oVEMP values eliminating the possibility of compar-
isons to previous literature. However, these results are consistent with at least some of
the previous histopathological studies. Johnsson, 1971 and Park et al., 2001 both described
significant degeneration of saccular otoconia and nerve networks with effect to the utri-
cle present to a lesser degree. Schuknecht, Icarashi, and Gacek, 1965, however, described
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pathological changes resulting in cochlea-saccular degeneration as a result of aging, but
noted that the utricle and semicircular canals (SCCs) appeared to be intact. Schuknecht,
Icarashi, and Gacek, 1965 did note, however, that challenges in evaluation of utricle due
to damage during the investigation of the saccule. Our results and the histopathological
data suggest a pattern of degeneration with both the saccule and utricle affected with the
former exhibiting the largest effects. These results also suggest that VEMPs are a sensitive
measure of the note histopathological degradation.
This pattern of degradation is also consistent with previous literature from the in-
vestigations of concomitant auditory and vestibular effects in the NIHL which suggested
a model of degeneration based on the spread (and decrease) of energy from the saccule,
utricle, and SCCs (Juntunen et al., 1987; Kilburn, Warshaw, and Hanscom, 1992; Golz et
al., 2001; Wang and Young, 2007; Akdogan et al., 2009; Kumar, Vivarthini, and Bhat, 2010;
Tseng and Young, 2012). Comparisons can also be made to the pattern of hearing loss
in ARHL with the high-frequency portion of the cochlea showing the most degeneration
due to its proximity to the oval window and the spread of energy. These results also are
consistent with the findings from evaluations of concomitant auditory and vestibular dys-
function in SNHL. Sazgar et al., 2006, Hong et al., 2008, and Xu et al., 2016 all reported
significant decreases in vestibular function as measured by VEMPs. Xu et al., 2016 also
reported significant effects for both cVEMP and oVEMP, with more significant effects for
saccular function.
Correlation results from this study also described these effects with a significant cor-
relation of mid-frequency PTA and cVEMP P1/N1 amplitude as well as oVEMP P1 latency.
The correlation results are also consistent with Zuniga et al., 2012 who also described sig-
nificant correlations with low-, mid-, and high-frequency PTAs (with high-frequency PTA
have the strongest relationship) with decreased cVEMP amplitude. Interestingly, Zuniga
et al., 2012 also indicated significant correlations with both low- and high-frequency PTAs
in addition to mid-frequency PTAs. Further analysis of our data using low-frequency PTA
(250, 500, 1000Hz) and high-frequency PTA (4000, 6000, 8000Hz) also indicated several sig-
nificant correlations. These results indicated a significant correlation of the low-frequency
PTA with decreased cVEMP P1/N1 amplitude and high-frequency PTA with oVEMP am-
plitude suggested at least some possible frequency affects. Based on the findings from our
study as well as Zuniga et al., 2012 post-hoc analysis of the relationship of degree of hear-
ing loss and frequency of hearing loss was completed. HLS was calculated for each par-
ticipant as a manner of capturing the frequency dynamic of the participants with ARHL.
Correlational analysis of HLS indicated a significant correlation of decreased slope with
decreased cVEMP P1/N1 and oVEMP N1/P1 amplitudes with decreased HLS.
Interestingly, these results of this study did not indicate any significant group dif-
ferences or correlations with ARHL or PTAs to KD Balance or FRT scores. Considering
the strong literature supporting decreased postural stability with decreased hearing from
the systematic review of Agmon, Lavie, and Doumas, 2017 it could be suggested that the
KD Balance and FRT measures failed to capture this dysfunction. It has been postulated
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that the vestibular dysfunction related to hearing loss is subclinical in nature making it
difficult to measure with testing protocols normed for abnormal function. Viljanen et al.,
2009 indicated that increased hearing loss (mean thresholds level for 500-4000Hz in dB)
correlated with a higher risk for falls and decreased postural control. Lin and Ferrucci,
2012 also evaluated hearing and falls in the elderly population and reported a significant
association between hearing loss and the odds of reported falls with every 10-dB increase
in hearing loss increasing the odds a fall. The results of this study suggest a connection
between the degradation of hearing and vestibular dysfunction but did not indicate the
same relationship for the postural control measured evaluated.
Limitations of study include the possibility of a population bias as the participants
were recruited from a regional area and results may not be representative of the larger
population. Additionally, the possibility of a Type I error is always present and could be
reduced with a larger sample size. The results of this study suggested reduced postural
control concomitant with decreased hearing, however the actual risk of falls was not cal-
culated in this study. Other considerations in this study include the group cut-offs for
placing participants in either the normal hearing or ARHL groups. We decided to use the
WHO definition of hearing loss which is a PTA of greater than 25dB, however an argu-
ment could be made for a lower cut-off PTA (500, 1000, 2000, 4000 Hz) dB level (i.e. 15
or 20dB) or different PTA measures representing different frequencies could have an effect
on these results. Specifically, the results of this study suggested that low-frequency hear-
ing loss could have a stronger association with vestibular dysfunction than either mid- or
high-frequency hearing in this study group, however the possibility of subclinical conduc-
tive pathology in the middle ear system resulting in stiffness and reduced amplitude of
stimulation during both audiometric and AC VEMP stimulation was not measured in this
study.
6.2 Conclusions
Overall, using the histopathological framework set forth by Schuknecht, Icarashi, and
Gacek, 1965 and Johnsson, 1971, the results of this study describe auditory and concomi-
tant vestibular degeneration involving the saccule and to a lesser degree the utricle. In
addition, the results of this study suggest the possibility of a frequency affect with low-
frequency hearing loss or HLS. This suggests the possibility that two specific types of
presbycusis as described by Schuknecht, 1964; Schuknecht and Gacek, 1993 may be more
associated with vestibular degradation at least for the age-group investigated. Metabolic
(strial) presbycusis is theorized to result from metabolic and vascular changes causing a
reduction in cochlear electrical potentials and energy production and is associated with
a flat SNHL with very good speech discrimination. Additionally, mechanical (cochlear
conductive) presbycusis results in alterations of cochlear mechanics due to changes in
mass/stiffness properties and/or spiral ligament atrophy associated with gradual sloping
hearing loss with slow progression. It is possible that people with these types of presby-
cusis could be at increased risk for vestibular dysfunction, although further study will be
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needed to confirm that supposition. It could also be postulated that based on these results
and other literature that that hair cell and otoconia loss are not likely the only significant
factor in decreased vestibular function. In fact, the description from Park et al., 2001 of
vestibular neural ganglion loss could also explain the possible degradation of both saccule
and utricle function by a shared underlying pathophysiology.
These results also lend credence to the supposition from Johnsson, 1971 that “me-
chanical wear” of the vestibular structures over time make the saccule more susceptible
to degradation due to its gravitational orientation. Additional theories coming from the
studies involving NIHL and SNHL also established a sequence of degenerative changes in
NIHL as measured with diagnostic testing with audiometry, cVEMP, oVEMP, and calorics
which is also consistent with the results of this study. Based on these results and limita-
tions, further analysis of the relationship between ARHL, vestibular dysfunction, and pos-
tural control should include different PTA criteria (grouping and frequencies) for ARHL,
with specific interest in low-frequency hearing thresholds and/or HLS. In addition, follow-
up studies should include a measure of falls risk and/or monitor falls in the study pop-
ulation longitudinally to evaluate if these noted concomitant decreases in hearing and
vestibular function result in increased falls. The long-term goal of this line of this study
is to evaluate the use of auditory function as a predictor of increased risk of falls and a
possible criterion for subsequent balance function testing and intervention as needed as a
means to reduce the risk and occurrence of falls in people with ARHL.
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